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Abstract:Theelectromagneticallyinducedreflection(EIR)effectofgraphenemetamaterialshasbeeninvestigatedbyfinite
differencetimedomain(FDTD)method.Inthisstudy,ametamaterialsandwichstructurecomposedofsilica(SiO2),goldand
grapheneonterahertzbandisdesigned.Bychangingthewidthofthetworibbonsofgraphenelengthandtheincidentangleof
electromagneticwave,theEIReffectofthestructureisdiscussed,anditcanbefoundthatSiO2isakindofexcellentdielectric
material.Thesimulationresultsshowthatgraphenemetamaterialisnotsensitivetopolarizedincidentelectromagneticwave.
Therefore,suchEIRphenomenaasinsensitivepolarizationandlargeincidentanglecanbeappliedtoopticalcommunication
filtersandterahertzdevices.
Keywords:electromagneticallyinducedreflection(EIR);graphenemetamaterials;polarizationinsensitivity;finitedifference
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0 Introduction
 Electromagneticallyinducedtransparency(EIT)[1]

isakindofdestructiveinterferencebetweenenergy
levelsinathree-levelatomicsystem.Itcaninduce
sharp transparent windows in the frequency
absorptionregionoftheoriginalopaquesubstance,
and has betterslow lighteffectandfrequency
selectivity.EITphenomenonhasbeenappliedby
opticalstorage[2],sensingandswitchdevices[3].In
ordertorealizeEITinatomicsystem,thefollowing
conditionshavebeenneeded:preciseselectionof
atomicenergylevelstructure,twocoherentlight
sourceswithhigherlightintensity,andexperiments
generallybeingcarriedoutinaultra-lowtemperature
environment with complex experimentaldevices.
Theseconditionslimititsapplicationinreallife.
 Inrecentyears,theEITeffecthasbeenintroduced
intometamaterialsbecausesomedifficultieshavebeen
overcomeandcomplexexperimentalconditionsare
realizedinatomicsystems[4].Therefore,theuseof
variousmetamaterialstructurestosimulatetheEIT
phenomenonhasbecomeanewresearchfocus[5-9].At
present,graphene metamaterialhasattractedthe

attentionofresearchersbecauseofitsultra-thinand
tunableproperties[10].Niuetal.studiedagraphene-
based T-shapedarray metasurfacesand obtained
tunableplasmon-inducedtransparency (PIT).By
usingthecoupledLorentzoscillatormodeltoanalyze
themechanism,itcanbefoundthatthePITeffect
withtheangleofincidentisinsensitive[11].Liuetal.
proposedagraphenemetamaterialtorealizeanalogue
ofdual-controlled EIT effect.By adjustingthe
incidenceangle,thephasedelayoftheadjacent
graphenepatcheschangedandthusthefrequencyas
wellastheamplitudeoftransparencypeak was
modulated.Someoftheaboveresultsprovideagood
referencefortherealizationofhigh-efficiencydevices,
such as modulators,switches,ultrashort pulse
lasers,buffers and modulators with graphene
material,etc.[12]

 Electromagneticallyinducedreflection(EIR)[13],
asakindofEIT-likephenomenon,haspotential
applicationsinsensing,opticalcommunicationandso
on,whichhasattracted muchattentioninrecent
years.Liuetal.designedadual-bandinfraredperfect
absorberforplasmonicsensorbasedontheEIR-like
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effect[14].Heetal.investigated graphene-based
metamaterial featuring a dynamically tunable
terahertzEIR,andtheresultcanbeappliedto
modulators,switchesandslowlightdevices[15].Jiang
etalstudieddynamicadjustableEIRinterahertz
complementarygraphenemetamaterials.Bychanging
theFermienergyofgraphene,thereflectionwindow
canbeactivelycontrolled,andthelargepositive
groupobtainedinthereflectionpeakcanbetunedina
wideterahertzregion[16].However,mostresearchers
payattentiontotherealizationofEIR,butpayless
attention to the EIR which is insensitive to
polarization[17-18].
 In this study, we designed the graphene
metamaterialonsilicon-goldstructureandanalyzed
thereflectionspectrabyfinitedifferencetimedomain
(FDTD)method.Thelengthandwidthofgraphene
stripswerechangedtodiscusstheEIReffect.The
results show that the structure has obvious
polarization insensitive EIR phenomenon. This
characteristiccanbewidelyappliedtomanyfields,
suchassensors,filtersandterahertzdevices.

1 Modelanddesign
 TostudyEIReffectinthestructure,reflectionof
thestructureatnormalincidenceisanalyzed,as
showninFig.1.

Fig.1 Unitcellofcompositemultilayermetasurfacemadeby
graphene-SiO2-Auwithgeometricparameters

 InFig.1,ld=2.9μm,lm=1.19μm,w=0.6μm,
p=4.4μm,z1=1μm,z2=4μm,z3=1nm.The
structureconsistsofthreelayers:ametallicplane
layeronthebottom,adielectriclayer,andalayer
withgraphenestrips.Atthebottomofthesubstrate,
theall-goldgroundplaneisatthebottomofthe
structurewhosetransmissioniszero.Ascanbeseen
fromFig.1,z1,z2andz3arethethicknessesofgold,
the dielectric and graphene,respectively. The
flexibledielectriccanbechosenasSiO2,whichisan
idealsubstratematerialforgraphene,heretakingthe

relativepermittivityoftheSiO2dielectricε=3.9.
Fig.1showsahorizontalgrapheneoflengthlmwith
attachedverticalgraphenestrip(T-shape)interacting
withdisconnectedverticalgraphenestripoflengthld.
Assumingthatthedistancefromhorizontalgraphene
tothecenteroftheunitstructureiss,theperiodic
structuresareilluminatedbyanormallyincident
planewaveandtheincidentangleofitselectricfield
withrespecttothex-axisisdefinedasθ (see
Fig.1(b)),andperfectlymatchedlayers(PML)are
appliedalongthezdirectionandperiodicboundary
conditionsinthexandydirections,theeffective
permittivityεgofthegraphenecanbewrittenas[19]

εg=1+iσg
ε0ωz3

, (1)

wherez3isthethicknessofgraphenesheet,ε0isthe
permittivityin the vacuum,σg is the surface
conductivityofgraphene,andωisangularfrequency.
 For a graphene sheet,the electromagnetic
propertiescanbedescribedintermsoftheσgthatcan
betakenintoaccountinter-bandandintra-band
transitionsbyKubomodelofconductivity[20-21].The
conductivityσgwasderivedusing

σg = ie2kBT
πh-(ω+i/τ)

μ
kBT+2lne- μ

kBT +1    +
ie2
4πh-ln

2μ-h-(ω+i/τ)
2μ+h-(ω+i/τ)

, (2)

whereωisradianfrequency,h-isthereducedPlanck
constant,kBistheBoltzmanconstant,eisthecharge
ofanelectron,T isthetemperature,μisthe
chemical potential, and τ is electron-phonon
relaxationtime.
 Thereflectionspectraofthestructureisshownin
Fig.2ontransverseelectric (TE)andtransverse
magnetic(TM)modeatp=4.4μm,lm=1.19μm,
s=1.2μm,w=0.6μm,z1=1μm,z2=4μm,z3=
1nmandld=2.9μm.Thereflectionpeakandvalleys
of TE mode are obtained on 5.3091THz,
5.1152THzand5.5362THz,respectively.There
arealsotworeflectionvalleysandonereflectionpeak
of TM mode, corresponding to frequencies
5.1152THz, 5.5362THz and 5.3091THz,
respectively.ItisobviousfromFig.2thatthepeaks
andvalleysofthecorrespondingreflectionsonboth
TEandTM modesareatthesamefrequency.The
simulationresultsshowthatthereflectionofthe
structureisinsensitivetopolarization.Itisnoting
thatthestructureisnotthesymmetryofxandy
axis,soreflectiononTE modeissmalleronTM
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modeatthesamefrequencies.

Fig.2 ComparisonofreflectionspectraofthestructureonTE
andTMmode

 Toexplaintheresult,wecalculatetheequivalent
impedance.AsshowninFig.3,thedistancefrom
horizontalgraphenetothecenteroftheunitstructure
is1.2μm,thewidthofthegraphenestripis0.6μm,
thelengthoftheleftgraphenestripis2.9μm,the
intermediate material layer is SiO2. It is
demonstrated that the real part of equivalent
impedanceofthestructureissmallerat5.1152THz
and5.5362THz.Thereasonisthatthebottom
plateofthestructureismadeofgold,theenergy
transmittediscompletelyabsorbedbythemetal,and
no energy is reflected back. The greater the
equivalentimpedanceata givenfrequency,the
greateritsabilitytoabsorbenergyandthelowerthe
energyreflection.

Fig.3 Equivalentimpedanceofthestructure

 Inordertobetterunderstandhowthestructure
achieves polarization insensitivity,the following
analysisisperformed.Fig.4(a)showstheelectric
fielddistributionfortheproposedmetamaterial.Itis
the electric field distribution for the proposed
metamaterialat5.1152THz,5.3091THzand
5.5362THz.OnTEmode,itcanbeobservedthat
theconcentration ofpowerlossdistributionfor
5.1152THzand5.3091THzarethehighestatthe
horizontalgrapheneinthemiddleofthestructure.

However,onTM mode,thedistributionofelectric
fieldatfrequenciesof5.1152THzand5.309THz
aredifferentfromthoseonTEmode.Theelectric
fieldismainlydistributedattheupperandlower
edgesoftheverticalgraphenestripontheleftsideof
thestructure.Whenthefrequencyis5.5362THz,
thedistributionofelectricfieldonTEandTMmodes
isoppositetothoseoftheabovetwofrequencies.On
TEmode,theelectricfieldisconcentratedintheleft
vertical graphene strip. The electric field is
concentratedonthemiddlehorizontalgraphenestrip
on TM mode.In Fig.4(b),the magnetic-field
patternindicatesthatinthecaseof5.3091THzand
5.5362THz,themagneticfieldismainlydistributed
inthemiddleoftheleftverticalgrapheneandatthe
junctionofthehorizontalgrapheneandthevertical
stripgrapheneontheright.OnTEmode,asthe
frequencyincreases,theintensityofthemagnetic
fielddecreasesatthecenteroftheleftvertical
grapheneband,butincreasesgraduallyattheright
jointofhorizontalgraphene.Thedistributionofthe
magneticfieldonTM modeisdifferentfromthe
above.Themagneticfielddecreasesonthehorizontal
graphenestripandincreasesontheleftvertical
graphenestrip.

Fig.4 Electricfielddistributionatreflectionpeakfrequencyof
5.3091THzandreflectionvalleysfrequenciesof5.1152THz
and5.5362THz

463 JournalofMeasurementScienceandInstrumentation Vol.12No.3,Sept.2021



2 Resultsanddiscussion
 Tofurtherstudythereflectionofstructure,we
adjustverticalgraphenestripoflengthldasfollows:
ld = 2.7μm, 2.8μm, 2.9μm, and 3μm,
respectively,andtheotherparametersareconsistent
withFigs.2and3,namely,p=4.4μm,lm =
1.19μm,s=1.2μm,w=0.6μm,z1=1μm,z2=
4μmandz3=0.01μm.Theresultsshowthatthere
isonereflectivitypeakandtworeflectivityvalleysat
differentld.ItisclearlyshownthatinTEmode,as
theldchangesfrom2.7μmto3μm,thereflection
spectraoftheTEmodeisproducesredshift.Itcan
beseenfrom Fig.5thatthereflectionvalleyisa
shifted-redatincreasingld.Thereflectionofthelow
frequencyisgraduallystrengthenedandthereflection
ofthehighfrequencyisgraduallyweakened.Similar
resultsoccurresinTM mode,whereincreasingld
changestheresonantfrequencyandreflection.Onthe
contrary,thereflectionoflowfrequencyislargerand
smalleronhighfrequency.

(a)TEmode

(b)TMmode
Fig.5 Reflectionspectrachangeinvariationofld

 Wechangethedistanceofthehorizontalgraphene
striptothecenterofthestructuresvariedfrom
0.7μmto1.5μm,asshowninFig.6,andother
parametersinthestructurearep=4.4μm,ld=2.9
μm,lm=1.19μmandw=0.6μm.Theresultsshow

thatthereflectiondecreasesandthefrequencyat
reflectionpeaksisalmostunchanged whensis
0.7μmto1.5μm,respectively.Itcanbeseenthat
thechangeofreflectionpeaksandreflectionvalleysof
thereflectionspectrumissmallinfrequencyrangeno
matterhowschanges.Thesymmetryofthestructure
canbebrokenaslongasthestripgrapheneisnotin
thecenter.EIReffectcanbefoundatsbeingnot
zero.

(a)TEmode

(b)TMmode
Fig.6 Changeofreflectancespectrawithchangeds

 Thereflectionspectrumofthestructureisstudied
bychangingthewidthofthegraphenestripwand
otherparametersinthestructurearep=4.4μm,ld
=2.885μm,lm=1.19μmands=1.2μm.Itcanbe
seenthatthereflectionpeaksandtroughsofthe
reflectionspectrumoccurredshiftinFig.7.

(a)TEmode
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(b)TMmode

Fig.7 Changewithreflectionspectraofdifferentw

 Inaddition,nomatterintheTE modeorTM
mode,itcanbeclearlyseenthattheresonance
frequencydecreaseswiththedecreaseofthewidthw
ofthegrapheneband.Onthecontrary,thereflection
valueincreasesunderthesamecondition.Itisworth
nothingthattheEIReffectisveryweakatw=
0.2μmonTE modeandTM mode.Whenw=
0.1μm,theEIRphenomenononTEmodebasically
disappears.The EIR effectofthestructureis
obtainedbythecouplingoftwographenestripes.
Thesmallerthelengthofwofthecouplingbetween
thetwo graphene strips weak. And the EIR
phenomenondisappears.
 Next,westudytheEIR ofthestructureby
changingtheincidentangle,andplotthereflection
spectraofdifferentangle,asshownin Fig.8.
Assumingthatanglechangesfrom0°to75°,wecan
seethatchangingtheangledonotshiftthereflected
peaksandthecorrespondingfrequencies.However,
itcanbeseenthatthevariationoftheincidentangle
resultsinthedecreaseofthereflectionvalueofthe
peaksin TE mode.Astheangleofincidence
graduallyincreases,theshiftofsmallertrough
reflectionoccursinTEandTMmodes.Astheangle
increases,thecomponentbecomessmallerinz-axis
direction.

(a)TEmode

(b)TMmode
Fig.8 Changewithreflectionspectraofdifferentθ,from0°to
75°

 Finally,weuseSi3N4insteadofSiO2 asthe
dielectricmaterial.ThereflectionspectrumofSi3N4
isshowninFig.9.ComparedwithSiO2,thereare
alsotworeflectionvalleysandonereflectionpeak,
corresponding to frequencies 4.888 1 THz,
5.3036THzand5.0875THz.Therefore,itis
obviousfromFig.9thatthepeaksandvalleysofthe
correspondingreflectionsonbothTEandTMmodes
areatthesamefrequency.Theresultsshowthatthe
structureisinsensitivetopolarization.Changingthe
materialofSi3N4andSiO2hasnoobviouseffecton
reflection.However,thefrequencyofreflectionpeak
showsablueshiftwithSi3N4.

Fig.9 Comparisonwithreflectionspectraofthestructurewith
differentdielectriclayer,withmediaofSiO2andSi3N4

3 Conclusions
 Insummary,apolarizationinsensitivemetamaterial
ofgraphene has been designed.The reflection
propertiesofthe metamaterialsare observed at
differentwidthsandlengthsofgraphenestrips.We
changetheincidentangletodiscusstheinfluenceof
theelectricfielddistributionofgraphenestrip.The
resultsshow thatthethree-layerstructure can
achievepolarizationinsensitivityandEIRonlarge
incidentangle.Westudytheeffectofdifferent
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materialsonstructuralpolarizationinsensitivity.It
canbeconcludedthatthegraphene metamaterial
structureisnotsensitiveto polarization ofthe
incidentelectromagneticwave.Inordertounderstand
thephysicalreasonsfortheinsensitivityofthis
structureto polarization, we have studied the
distributionofelectricandmagneticfieldsatspecial
frequencies. The results can be valuable in
applicationsonopticalcommunication,filterand
terahertzdevices.
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石墨烯超表面的极化不敏感电磁诱导反射
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2.安徽省智能微系统工程技术研究中心,安徽 黄山245041)

摘 要: 利用时域有限差分(Finitedifferencetimedomain,FDTD)方法研究了石墨烯超材料的电磁诱导反

射(Electromagneticallyinducedreflection,EIR)效应。首先,设计了一种在太赫兹波段上由二氧化硅(SiO2)、
金和石墨烯条组成的三层超材料结构。然后,讨论了石墨烯条的宽度、长度和电磁波的入射角等参数不同的

情况下该结构的电磁诱导反射效应,并通过改变结构的中间层介质材料得出SiO2 是一种优良的介电材料。
最终的模拟结果表明,该石墨烯超材料对极化入射的电磁波不敏感。该极化不敏感和大入射角的电磁诱导

反射结构在光通信滤波器和太赫兹器件中有潜在的应用。
关键词: 电磁诱导反射;石墨烯超材料;极化不敏感;时域有限差分法
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